Quantum Cascade Lasers (QCLs) have been very successful at long wavelengths, >4μm, and there is now considerable effort to develop QCLs for short wavelength (2-3μm) applications. To optimise both interband and QC lasers it is important to understand the role of radiative and non-radiative processes and their variation with wavelength and temperature. We use high hydrostatic pressure to manipulate the band structure of lasers to identify the dominant efficiency limiting processes. We describe how hydrostatic pressure may also be used to vary the separation between the Γ, X and L bands, allowing one to investigate the role of inter-valley carrier scattering on the properties of QCLs. We will describe an example of how pressure can be used to investigate the properties of 2.9-3.3μm InAs/AlSb QCLs. We find that while the threshold current of the 3.3μm devices shows little pressure variation even at room temperature, for the 2.9μm devices the threshold current increases by ~20% over 4kbar at 190K consistent with carrier scattering into the L-minima. Based on our high pressure studies, we conclude that the maximum operating temperature of InAs/AlSb QCLs decreases with decreasing wavelength due to increased carrier scattering into the L-minima of InAs.
INTRODUCTION
Producing lasers for the mid-infrared spectral region 3-4 µm is of key importance for gas sensing and free space optical communications. There are several strategies being investigated to cover this spectral range using inter-band quantum well or quantum cascade lasers. However the performance of interband lasers tends to deteriorate with increasing emission wavelength due to increasing non-radiative Auger recombination and optical losses. Quantum Cascade Lasers (QCLs) have been very successful above 4 µm [1, 2] and considerable effort is now being put into reducing the wavelength of QCLs to target the shorter wavelength applications [3, 4] . Potential advantages of QCLs are high temperature stability of the threshold current, I th , (characterised by high T 0 values: T 0 = I th (dI th /dT) -1 ) and high output power. Here we discuss short wavelength InAs/AlSb quantum cascade lasers emitting around 3 μm [4] . Unlike interband lasers in the mid-infrared, QCLs are not limited by non-radiative Auger recombination, however, modelling suggests that the operation of short wavelength QCLs may be affected by electron leakage from the upper levels of the laser transition into energy states associated with indirect conduction band valleys. Compared with other materials used at present in QCLs, the InAs/AlSb system exhibits not only the highest conduction band offset (2.1 eV), but also the largest separation of direct (Γ) and indirect (L) minima in the quantum well conduction band (0.72-0.76 eV) [3] . To investigate the presence and importance of the L-leakage loss mechanism, we analysed the pressure dependencies of the lasing threshold current, I th , in InAs/AlSb QCLs as a function of temperature. We use high hydrostatic pressure to manipulate the band structure of lasers to identify the dominant efficiency limiting processes. This was used to great effect in near-and mid-infrared interband lasers where varying the direct band gap of the devices with pressure was key in identifying the importance of Auger recombination and intervalence band absorption on device properties (e.g. see [5] ). Here we describe how hydrostatic pressure may also be used to vary the separation between the Γ, X and L bands, allowing one to investigate the role of inter-valley carrier scattering on the properties of QCLs at a constant temperature.
EXPERIMENTAL DETAILS
QCLs emitting near 2.9 µm and 3.3 µm were grown by MBE and processed into ridge lasers (ridge widths of 12 and 17 µm) using wet chemical etching and standard photolithography. Lasers were cleaved in cavities with lengths of 1.1-2.05 mm. Details of the growth and structure of the lasers can be found in [3, 4] . Devices were investigated in the temperature range of 80 -295 K using a static gas exchange cryostat. Lasers were operated in pulsed mode with a repetition rate of 1 kHz and pulse width of 100 ns. The emission intensity was measured using a cooled InSb detector and lock-in amplifier. For the high pressure studies the lasers were mounted in the pressure cell, which was then placed in a liquid nitrogen cooled cryostat. The cell was connected to a helium gas compressor, which can generate pressures up to 10kbar. Further details of the experimental arrangement can be found elsewhere [6] . Figure 1 shows the temperature dependence of the threshold current density for both of the QCLs. The laser emitting at 2.9 µm exhibited a higher threshold current and lower maximum operation temperature, T max , compared with the longer wavelength device. The threshold current density of a QCL at its maximum operation temperature corresponds to it entering into the negative differential resistance (NDR) region of the current-voltage characteristics which indicates misalignment of energy levels in the active region at high electric field resulting in switching the laser action off. It should be noted that by using longer cavities (~4 mm) it was possible to reach a high T max of 280 K and 400 K for the 2.9 µm and 3.3 µm devices, respectively (see later and [3, 4] ). The difference in T max may indicate that a temperature sensitive loss process in these lasers is more important at shorter wavelengths, which is in agreement with the assumption of indirect carrier leakage into the L minimum of the conduction band, since the shorter wavelength devices have a smaller Γ-L separation. High hydrostatic pressure results provide further evidence that carrier scattering between the Γ and L valleys plays a significant role in operation of short-wavelength QCLs. Figure 3 shows the pressure dependence of I th at different temperatures for two such QC lasers with different lasing wavelengths. We assume that the total threshold current is formed by two components: current due to inter-subband longitudinal optical phonon scattering, I ph , and current loss due to the leakage into the L-valleys,
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I . Compared to phonon-scattering, the radiative lifetime is relatively long, meaning that the current component related to radiative transitions is very small in QCLs at threshold and hence is neglected in this analysis. The dashed lines (I ph ) in Figure 2 describe the pressure dependence of inter-subband carrier relaxation via longitudinal polar optical phonon scattering calculated using the Frölich Hamiltonian approximation [7] . The theoretical pressure variation of the leakage current is also plotted in the figure for different temperatures and was derived using the temperature dependence of the leakage current at threshold which may be calculated from Eq. 1 [8] :
where leak I 0 is a constant, k is the Boltzmann constant, and E a is the activation energy of the leakage process, which is equal to the energy separation between the quasi-Fermi level (assumed to be at the upper lasing level) and L minimum of the InAs quantum well. Using (1) we can write the following expression:
where p is pressure value, dE L /dp and dE Γ /dp are pressure coefficients of the direct Γ and indirect L band gaps in the InAs quantum wells. We assume here that dE a =dE L -dE Γ . Taking into account the pressure dependence of the Γ and L minima (with increasing pressure the energy separation between the Γ and L minima decreases at a rate of ~7 meV/kbar) [9] and using (2) we can estimate the pressure dependence of Γ-L carrier leakage. One can see from Fig.2 that for the 3.3 µm QC laser, I th is almost pressure independent, which shows that carrier leakage into the L-valleys is not detectable in this device even at RT. The threshold current in this case is due to phonon scattering intersubband relaxation with very weak pressure dependence due to a small pressure dependence of the phonon energy. The pressure dependence of intersubband carrier relaxation via longitudinal polar optical phonon scattering calculated for the 2.9 µm device is shown in Fig. 2 . However, in contrast, the measured threshold current of this device increases considerably with pressure indicating significant leakage into the L-valley. This effect becomes more pronounced with increasing temperature (see results for 90 K and 190 K in Figure 2 ) in accordance with (1) . The effect of pressure is approximately the same at 3.8 kbar, 90 K and at only 2.1 kbar at 190 K. It was not possible to achieve lasing above approximately 2.4 kbar and 4.2 kbar at 190 K and 90K, respectively.
To quantify value of the carrier leakage in 2.9 µm QCLs we fit experimental points in Figure 3 taking into account that: 
where I 0 , I ph0 , and I leak0 L are the threshold current, phonon scattering current and leakage current at atmospheric pressure, respectively. x is a fraction of I 0 due to leakage into the L-minima at atmospheric pressure. The solid lines in Figure 2 are the fitting curves for the data at 90 K and 190 K. A good fit is obtained if we assume that the loss of current due to Lleakage increases from 0.6% of I th at 90 K up to 13% of I th at 190 K. By applying pressure we increase the leakage current up to 29% of I th at 2.4 kbar at 190 K and up to 20% of I th at 4.2 kbar at 90 K. Using absolute values of the leakage current determined for the 2.9 μm device from the fit in Figure 3 at 90 and 190 K, together with equation (1) we estimate that E a ≈48 meV, which is in reasonable agreement with the expected value [3] . Figure 3 shows light-current characteristics of the 2.9 µm laser measured as a function of pressure at 90 K. One can see that the increase in the threshold current with pressure is accompanied by a decrease in the current corresponding to the maximum of the light intensity (maximum available current, I max ). The characteristics of this laser at 190 K were similar but the effect of the pressure on I th was stronger than on I max . For a given design the maximum available current in a QCL is determined by the total rate of supply of electrons in the structure, i.e. by the injector doping density. After alignment of the structure above the turn-on voltage, the current grows quickly with applied voltage because of the fast supply of electrons from the doped injector. When the supply of electrons from the injector becomes limited at I max , the small increase in current leads to a large increase in the electric field, which results in misalignment of the structure and ceasing of the laser action. The threshold current of the laser grows with pressure because of the reduction of population of the upper level of the lasing transition due to the leakage into the L-valleys. As the electron lifetime in the L-valley associated states is expected to be longer than in the Γ-levels due to the fact that the probability of indirect phonon assisted transitions is smaller than the probability of direct transitions via Γ-states, the maximum available current decreases for the same total number of electrons in the structure. Figure 4 shows maximum operation temperature of short wavelength InAs/AlSb QCLs as a function of emission wavelength [3] . These data were obtained on longer lasers, which is responsible for their higher operation temperatures compared with results of this work. We showed that operation of the 3.3 µm QCLs is not affected by the electron leakage into the L-valley. It is possible to estimate now the influence of this loss on high temperature performances of the 2.9 µm lasers. We used equation (1) and the E a value as determined above to quantify the loss due to Γ-L carrier leakage at the maximum temperature of 280K as presented in [3] . Assuming that at 190 K the leakage current accounts up to 13% of I th we found that at the maximum temperature the leakage current is about 20% of I th . This relatively small contribution of the leakage to the total current suggests that the temperature performance of such QCLs can be improved through optimisation of the design to decrease the relative influence of leakage. For the QCLs emitting at 2.75 µm, the L-valley impact is certainly stronger in these devices and should be considered as an important factor limiting their performance. 
CONCLUSION
To summarise, the impact of Γ-L scattering on the temperature performance of short wavelength InAs/AlSb QCLs was investigated using high hydrostatic pressure. The results show clear evidence of the presence of this loss mechanism in lasers with emission wavelength near ~2.9 µm, whereas it is much less pronounced in the longer wavelength ~3.3 µm devices allowing their superior temperature performance. We suggest that increased leakage into the L-minima is the reason for the even lower operating temperature limit (140 K) of lasers emitting near 2.75 µm [3] . In order to further reduce the operating wavelength of InAs/AlSb QCLs, carrier leakage into the indirect L valley should be minimised to achieve laser operation over an extended temperature range.
